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ABSTRACT

LOW LOSS HYBRID WAVEGUIDE ELECTRIC FIELD SENSOR
BASED ON OPTICAL D-FIBER

Eric K. Johnson
Department of Electrical and Computer Engineering
Master of Science

This thesis presents the fabrication of a low loss hybrid waveguide electric field
(E-field) sensor based on optical D-fiber. This novel E-field sensor is formed as part
of a contiguous fiber resulting in a flexible and small cross-section device that can be
embedded into electronic circuitry. The in-fiber nature of this sensor also eliminates
the need for alignment and packaging that conventional sensors need.
An optical fiber can detect electric fields when the core of the fiber is partially
removed and replaced with an electro-optic polymer. This polymer causes a change
in the index of refraction in the waveguide of the device when in the presence of an
electric field. The change in the effective index of refraction changes the speed of the
light in the vertical axis relative to the light in the horizontal axis creating a phase
change between the two axes. This phase change can be detected as a change in the
polarity of the light coming out of the fiber.
The sensor is formed by partially etching out the core of a D-shaped optical
fiber and depositing a polymer to form a hybrid waveguide. The polymer becomes
sensitive to electric fields through corona poling. The typical corona poling process

is not amenable to poling a polymer located in the fiber core. A method of poling
conducive to an in-fiber device was developed and demonstrated.
Using PMMA and DR1 for proof of concept, the operation of the first in-fiber
hybrid waveguide electric field sensor is demonstrated. Etch depth, polymer composition, and polymer spin rate are optimized to provide strong interaction between the
light and the sensing portion of the hybrid waveguide while maintaining low optical
loss.
High frequency testing was demonstrated to show that the effect is electrooptic. AC testing also allows the Eπ of the sensors to be determined at lower electric
fields than are required for DC testing, eliminating charge build up and electric field
break down issues.
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Chapter 1
Introduction
Electric field sensors are needed for application such as the characterization of
high power microwaves [1], electromagnetic interference, and monitoring of currents
at power facilities [2]. Traditional metallic electromagnetic field (E-field) sensors are
typically too large to embed into a device and their metallic components perturb the
fields they are intended to measure. These deficiencies have been partially overcome
by the development of optical devices that use dielectric structures, coupled with
optical fiber [3, 4, 5]. These optical sensors are based on the fabrication of optical
waveguides out of electro-optic (EO) materials on planar substrates.
These E-field sensors typically avoid the use of metal that perturbs the field
and are significantly smaller than metallic E-field sensors. However, the coupling
between the planar geometry of the sensor and the optical fiber, which is used as the
signal transport, is problematic and results in coupling loss and limited mechanical
integrity. Even though these EO sensors are smaller than metallic sensors, they
are still substantially larger than the optical fiber and lack the flexibility needed to
integrate the EO sensor into the device under test.
The novel E-field sensor presented here is formed as part of a contiguous
fiber resulting in a flexible and small cross-section device that can be embedded into
electronic circuitry as shown in Fig 1.1. This effort extends prior work in which hybrid
polymer/glass core fibers were created within a D-shaped optical fiber [6, 7, 8]. The
previous work provides a technique for removing a portion of the core of the fiber
and replacing it with a polymer material. This thesis shows how the hybrid core can
be poled thus endowing the hybrid waveguide with electro-optic properties. In this
state the effective index of refraction of the guided mode is sensitive to changes in the
1

E-field of the surrounding environment. In addition to providing a description of the
fabrication and poling process, this thesis also provides experimental demonstration
of in-fiber E-field sensing. Increasing the thickness of EO polymer is demonstrated
to improve the sensitivity of the E-field sensors at the expense of higher optical loss.
An optimized process is demonstrated to produce thick polymer sensors with higher
sensitivity while maintaining low loss.

Figure 1.1: Hybrid waveguide sensor embedded into electronic circuitry.

2

Chapter 2
Background
2.1

Introduction
The key to creating an in-fiber E-field sensor is producing a section of fiber

in which the effective index of refraction of the core varies with applied electric field.
The two most common methods used to achieve this electro-optic response are to
make the germania-doped glass itself nonlinear [9] or to create a section of the optical
fiber with a hybrid guiding region consisting of part glass and part poled EO polymer.
Since the induced EO effect in germania-doped glass is fairly small, it is more practical
to use the polymer/glass hybrid waveguide approach.
The in-fiber hybrid waveguide is fabricated by replacing a section of the core
of an optical fiber with an EO polymer. Figure 2.1 shows the D-shaped optical fiber
(D-fiber), which is produced by KVH Industries, that is used as the device platform.

Undoped silica
cladding

Fluorine doped
cladding
Germania
doped core

Figure 2.1: D-fiber that consists of a germania-doped core surrounded by a fluorine
doped depressed cladding and an undoped super cladding covered with a protective
plastic jacket.

3

The D-fiber is advantageous because the elliptically shaped core is close to the
flat surface. This cladding shape enables access to the light in the core of the fiber
without destroying the physical integrity of the fiber. The basic fabrication process
consists of partially removing a section of the optical fiber core and then depositing a
polymer into the resulting groove. The polymer is then made electro-optic by aligning
its molecules through corona poling.
2.2

Selective Chemical Etching of D-fiber
The partial core removal process is accomplished by etching the optical fiber

using hydrofluoric (HF) acid. In HF acid the germania-doped core etches approximately 8 times faster than the fluorine-doped cladding and about 11 times faster
than the undoped cladding [10]. Since the germania-doped core etches faster than
the cladding materials, a groove is created in the optical fiber where the core material
was removed while leaving most of the cladding intact as seen in Fig. 2.2.

Figure 2.2: A section of the D-fiber core is exposed through selective chemical etching.

4

2.3

Hybrid Waveguide Fabrication
To create the hybrid waveguide the etched fiber is attached to a silicon wafer

with the flat side of the fiber facing up. A solution of polymer is applied to the etched
section of the fiber using a pipette and the fiber is spun using a standard commercial
spinner. The spinning process produces a uniform layer of polymer on the fiber. The
fiber is then heated to remove the remaining solvent.
It is desirable to have as much of the light guided in the electro-optic polymer
as possible to improve the sensitivity of the device. There are many factors that
affect the amount of light being guided in the electro-optic portion of the waveguide
such as the etch depth, polymer thickness, and the index of refraction of the polymer.
The light guided in the polymer also needs to be coupled back into the fiber core to
prevent high optical losses.
2.4

Poling
The polymer portion of the hybrid waveguide becomes sensitive to E-fields

through poling. Corona poling is used because of the high applied field that can be
produced [11]. The basic corona poling process is shown in Fig. 2.3 and involves
heating the sample to a temperature just below the glass transition temperature of
the polymer, so that the molecules are free to reorient themselves, and applying a
high electric field. The high electric field is applied by suspending a needle over the
sample and applying a high voltage between the needle and a ground plane located
on the other side of the sample. The high voltage on the needle tip ionizes the air and
causes positive ions to build up on the surface of the sample with an equal amount
of negative charges on the ground plane. The positive and negative charges produce
a high electric field across the polymer and the polymer molecules orient themselves
to this field. The sample is then cooled with the electric field still applied, thus fixing
the aligned polymer molecules in place.

5

+10KV

Polymer
Substrate

Polymer
Substrate

Electrode
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Figure 2.3: The polymer is poled to make it electro-optic by heating and cooling the
polymer with an applied electric field.

2.5

Testing
The EO polymer portion of the hybrid waveguide has a refractive index that

varies with applied electric field. There are a variety of different methods that could
be used to detect the change in the effective index of refraction of the hybrid waveguide. However, the most common methods use a Mach-Zehnder interferometer [12]
or polarimetric filtering [13]. For in-fiber devices the polarimetric filtering approach
is simpler because it does not require two waveguide sections.
The sensor characterization term, Eπ , can be measured using a polarization
analyzer or by converting the phase shift into intensity using a linear polarizer. To
verify that the observed effect is an electro-optic effect, high frequency AC testing is
also demonstrated.

6

Chapter 3
Theory
3.1

Introduction
Similar to the original elliptical core of the D-fiber, the hybrid core of the

electric field sensor supports two eigenmodes with the dominant electric field component in the y and the z directions (see Fig. 3.1). Each of these eigenmodes are
characterized by an effective index of refraction (Ny and Nz ). Since the polymer is
electro-optic, its bulk indecies of refraction, ny and nz , change with applied electric
field, thus changing the effective index of refraction. The bulk index of refraction of
an electro-optic material can be expressed as
n(E) = n + a1E + a2E 2 + ....

(3.1)

However, it is more common to use the impermeability of the material
η(E) = η0 + rE + sE 2 + ...,
where η =

1
,
n2

(3.2)

r are the Pockels coefficients and s are the Kerr coefficients. In most

cases rE À sE 2 and all other higher order terms. This first term is called the linear
electro-optic effect. With only the linear electro-optic effect being considered the
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impermeability can be expressed in matrix form as
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(3.3)

If the polymer is poled in the ẑ direction, the electro-optic tensor is of the form [14]




0
0 r13




0
0 r13 




0
0 r33 
.
r=


 0 r13 0 




r13 0
0


0
0
0

(3.4)

If the applied electric field is also in the ẑ direction, the index ellipsoid can be

z
y
x

Figure 3.1: The hybrid waveguide supports two eigenmodes with the dominant electric
field component in the y and the z directions.
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calculated to be
¶
µ
¶
µ
¶
1
1
1
2
2
+ r13 Ez x +
+ r13 Ez y +
+ r33 Ez z 2 = 1.
n2o
n2o
n2o
|
{z
}
|
{z
}
|
{z
}
µ

1
n2
x

1
n2
y

(3.5)

1
n2
z

The index of refraction in the EO polymer for the y and z directions are

µ

¶− 12
1
ny =
+ r13 Ez
n2o
¡
¢− 1
= no 1 + n2o r13 Ez 2

(3.6)

and
µ

¶− 12
1
nz =
+ r33 Ez
n2o
¡
¢− 1
= no 1 + n20 r33 Ez 2

(3.7)

respectively. Because typical values of the Pockels coefficients are in the range of
10−12 m/V , n2o r13 Ez ¿ 1 and n2o r33 Ez ¿ 1 for any practical applied electric field.
1

Because (1 + ∆)− 2 = 1 − 12 ∆ for ∆ ¿ 1, Eq. 3.6 and 3.7 can be simplified to
1
ny = no − n3o r13 Ez
2

(3.8)

1
nz = no − n3o r33 Ez .
2

(3.9)

and

The indices of refraction that effect how the light propagates in the hybrid waveguide
are the effective indices of refraction. The change in the effective indices of refraction
(∆Ny and ∆Nz ) of the modes when in the presence of an electric field are related to
the bulk index of refraction of the hybrid waveguide and can be expressed as
1
∆Ny = − n3o r13 Ez Γy
2
9

(3.10)

and
1
∆Nz = − n3o r33 Ez Γz ,
2

(3.11)

where Γy and Γz are fitting factors that relate the bulk indices of refraction of the
polymer to the effective indices of the modes and depends on the amount of light
confined to the polymer portion of the hybrid waveguide. The change in the effective
index of refraction of the modes results in a change in the fiber birefringence as given
by
1
∆B = ∆Ny − ∆Nz = Ez n3o (r33 − r13 ) Γ,
2

(3.12)

where Γ is a fitting factor that relates the change in the bulk indices of refraction of
the polymer to the change in the birefringence and depends on the amount of light
confined to the polymer portion of the hybrid waveguide.
If equal power is launched into each of the eigenstates the resulting electric
field is given by
£
¤
~ = E0 ŷej(wt−ko (LT Ny,0 +LH ∆Ny )+Φ) + ẑej(wt−ko (LT Nz,0 +LH ∆Nz )+Φ) ,
E

(3.13)

where ko = 2π/λ, λ is the free space wavelength, Ny,0 and Nz,0 are the effective
indices of the waveguide eigenmodes without any applied electric field, LT is the total
length of the optical fiber, and LH is the length of the hybrid core section. After the
common phase terms between the two modes are removed the equation becomes
~ = E0 [ŷ + ẑ exp j (ko LH (∆Ny − ∆Nz ) + ko LT (Ny,0 − Nz,0 ))] ,
E

(3.14)

using Eq. 3.12 and
φo = ko LT (Ny,0 − Nz,0 ) ,

(3.15)

~ = E0 [ŷ + ẑ exp j (φo + ko ∆BLH )] ,
E

(3.16)

the electric field becomes

where φo is the built in retardation.
10

The sensitivity of the device is thus determined by the difference of r13 and r33
and the values of no and Γ. For a given polymer, the value of no is constant and the
values of r13 and r33 are determined by how effectively the polymer is poled. With
an effective procedure for poling in place, the Pockels coefficients are fairly constant.
This leaves the sensitivity up to the value of Γ. The value of Γ can be increased
by increasing the ratio of polymer to glass in the hybrid waveguide. This can be
accomplished by etching deeper into the core of the fiber or by depositing a thicker
layer of polymer into the core.
3.2

Sensor Characterization Term Eπ
Since it is difficult to directly measure the effective indices of the modes, the

sensor is characterized using
ko ∆BL = π

E
,
Eπ

(3.17)

where E is the applied electric field and Eπ is the electric field required to cause a
change in birefringence, ∆B, that will cause a relative phase shift of π. The sensitivity
of the sensor increases with decreased values of Eπ . As can be seen from Eq. 3.17 and
3.12, the Eπ of the sensor should improve with increased confinement of the light in
the electric sensitive portion of the hybrid waveguide.
Substituting Eq. 3.17 into Eq. 3.16 and allowing the two modes to have different amplitudes the field becomes
µ
¶
E
~
E = E0y ŷ + E0z ẑ exp j φo + π
,
Eπ

(3.18)

with
² = φ0 + π

E
,
Eπ

(3.19)

the equation becomes
~ = E0y ŷ + E0z ẑ exp j².
E
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(3.20)

The built in retardation φo , can be eliminated by measuring the change in ².
µ
¶
E2
E1
∆E
∆² = φ0 + π
− φ0 + π
=π
.
Eπ
Eπ
Eπ

(3.21)

A common way to represent E0y , E0z , and ² is with Stokes parameters
S0 = I,

(3.22)

2
2
,
− E0z
S1 = E0y

(3.23)

S2 = 2E0y E0z cos(²),

(3.24)

S3 = 2E0y E0z sin(²).

(3.25)

and

The Stokes parameters are often normalized by dividing each parameter by S0 . This
makes the intensity equal to unity. The normalized Stokes parameters for some
polarization states of interest are listed in Table 3.1.

Table 3.1: Normalized Stokes parameters of various polarization states.

Polarization State
Linear Horizontal
Linear Vertical
Linear +45
Linear -45
Right-hand Circular
Left-hand Circular

S1
1
-1
0
0
0
0

S2
0
0
1
-1
0
0

S3
0
0
0
0
1
-1

The Stokes parameters can be displayed visually on the Poincaré sphere as
shown in Fig. 3.2. Points along the equator of the sphere correlate to linear polarization and the poles on the top and bottom of the sphere correlate to right-hand
circular and left-hand circular polarizations respectively. Places between the equator
and the poles correlate to elliptical polarizations.
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S3

Right Hand Circular

Linear Vertical

Linear -45

Linear Horizontal

Linear 45
S2

S1
Left Hand Circular

Figure 3.2: The Poincaré sphere is a way to visualize the Stokes parameters.

Changes in ² cause a change in the latitude on the sphere tracing out an arc
around the sphere. If there is not equal intensity in the two modes, due to polarization
dependent loss or unequally launched power, the arc will circle a smaller portion of
the sphere. If more intensity is in the horizontal mode the arc will move closer to
the point on the sphere of horizontally polarized light and if there is more intensity
in the vertical mode the arc will move closer to the point on the sphere of vertically
polarized light as shown in Fig. 3.3.
3.3

Transforming Polarization to Intensity
The change in birefringence caused by an electric field changes the polarization

of the light at the end of the sensor. This change in polarization can be changed into
an intensity with a linear polarizer placed at the end of the sensor. A polarizer in
this configuration is often called an analyzer. By taking the real part of Eq. 3.13 we
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E0z = E0y

S3

E0z = 1/2E0y

E0y = 1/2E0z
E0z = 1/4E0y

E0y = 1/4E0z

S2

S1

Figure 3.3: Unequal power in the two modes of the fiber will result in arcs on the
Poincaré sphere with a reduced radius.

have
~ =E0 ŷ cos (wt − ko Ny,0 LT − ko ∆Ny LH + Φ) +
E = <{E}
E0 ẑ cos (wt − ko Nz,0 LT − ko ∆Nz LH + Φ) .

(3.26)

By placing a polarizer at an angle θp to the flat of the fiber in front of the sensor and
an analyzer at an angle θa to the flat of the fiber at the end of the sensor, as shown
in Fig. 3.4, Eq. 3.26 becomes
E =E0 ŷ cos θp cos θa cos (wt − ko NA LT − ko ∆Ny LH + Φ) +
E0 ẑ sin θp sin θa cos (wt − ko Nz LT − ko ∆Nz LH + Φ) .

(3.27)

The irradiance received by an optical power detector is given by
1
I=
T

Z

T

E 2 dt where T =

o

14

2π
.
ω

(3.28)

Electric Field

Z
X
Y
L

Figure 3.4: Linear polarizers in front and in back of the sensor are used to change the
polarization into an intensity.

Substituting 3.27 into 3.28 and simplifying we have
I =E02 cos θp cos θa sin θp sin θa cos (k0 LH (∆Ny − ∆Nz ) + k0 LT (Ny,0 − Nz,0 ))
¢
1 ¡
+ E02 cos2 θp cos2 θa + sin2 θp sin2 θa .
(3.29)
2
Substituting 3.12, and 3.15 into 3.29 the equation becomes
I =E02 cos θp cos θa sin θp sin θa cos (Ko ∆BLH + φ0 )
¢
1 ¡
+ E02 cos2 θp cos2 θa + sin2 θp sin2 θa .
2

(3.30)

Figure 3.5 shows the intensity as a function of applied electric field for different
polarizer and analyzer angles. If both of the polarizers are at 45 or -45 degrees to the
modes of the fiber the intensity sinusoid will have a maximum amplitude. If either of
the polarizers is off of 45 or -45 degrees to the modes of the fiber the amplitude of the
sinusoid will be decreased. If one of the polarizers is off of 45 or -45, the other polarizer
can be adjusted to achieve maximum transmission or extinction but will also have
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the effect of reducing the sinusoidal amplitude. Although the diminishing amplitude
caused by the polarizers being off of 45 and -45 makes the amplitude changes harder
to detect, the Eπ of the sensor is unaffected as long as the period of the sinusoid can
be distinguished.

1
θp= 5, θa= -5

0.9
0.8

θp= 45, θa= -45

Optical Intensity

0.7
0.6
0.5

θp= 5, θa= -45

0.4
0.3
0.2
0.1

θp= 5, θa= -85

0
0

1

2

3

4

5

E
Eπ

Figure 3.5: Plots of optical intensity with varying polarizer angles.

By setting θp and θa =

π
4

+ nπ and using Eq. 3.17 we have

µ
¶¸
·
E
1 2 1 1
+ cos π
+ φ0 .
I = E0
2
2 2
Eπ

(3.31)

Using a power reduction identity
cos2 (θ) =

1 + cos (2θ)
,
2
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(3.32)

the irradiance becomes

3.4

¶
µ
φ0
1 2
E
2
I = E0 cos π
+
.
2
2Eπ
2

(3.33)

Use of FFT to Characterize Eπ
If the applied electric field is a periodic alternating field, the Eπ of the sensor

can be characterized by applying a much smaller fraction of Eπ with the use of a Fast
Fourier Transform or FFT. The Intensity of light after the linear polarizer modeled
by Eq. 3.33 can be turned into a voltage with the use of a optical power detector
which can in turn have its FFT calculated with a spectrum analyzer. The voltage
corresponding to the optical power will be of the form
µ
V = V0 cos

2

Vapplied φ0
π
+
2V π
2

¶
.

(3.34)

Where Vapplied is the voltage used to apply the electric field to the sensor and Vπ is
the electric field required to cause a change in birefringence, ∆B, that will cause a
relative phase shift of π. Vapplied is of the form
Vapplied = ∆V sin (wt) .

(3.35)

Using Eq. 3.32 the equation becomes
·
V = V0

1 1
+ cos
2 2

µ

π∆V sin (wt)
+ φ0
Vπ

¶¸
.

(3.36)

cos (θ + φ) = cos (θ) cos (φ) − sin (θ) sin (φ) ,

(3.37)

Using an angle sum identity

the equation becomes
·
V = V0

1 1
+ cos
2 2

µ

π∆V sin (wt)
Vπ

¶

1
cos (φ0 ) − sin
2
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µ

π∆V sin (wt)
Vπ

¶

¸
sin (φ0 ) .
(3.38)

If the applied voltage signal is small compared to V π then
π∆V
¿ 1,
Vπ
µ
cos

(3.39)

¶
µ
¶2
π∆V
1 π∆V
sin (wt) = 1 −
sin (wt) ,
Vπ
2
Vπ

(3.40)

¶
π∆V
π∆V
sin (wt) =
sin (wt) .
Vπ
Vπ

(3.41)

and

µ
sin

Figures 3.6 and 3.7 show the original (dashed line) and approximate values
(solid line) for Eq. 3.40 and 3.41 respectively versus the value of

π∆V
Vπ

. The period of

the sinusoids are arbitrary and are dependent on the frequency of the applied signal.
The curves under and above the sinusoids are the bounding curves for the sinusoid
functions. The percent error of the approximations are also shown.
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Figure 3.6: Comparison of original (dashed line) and approximate (solid line) values
of Eq. 3.40.

Substituting Eq. 3.40 and 3.41 into Eq. 3.38, it becomes
1 1
1
V
= + cos (φ0 ) −
V0
2 2
4

µ

π∆V
Vπ

¶2
sin2 (wt) cos (φ0 ) −

π∆V
sin (wt) sin (φ0 ) . (3.42)
2Vπ

Using a power reduction identity
sin2 (θ) =

1 − cos(2θ)
,
2
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(3.43)

Percent Error
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Figure 3.7: Comparison of original (dashed line) and approximate (solid line) values
of Eq. 3.41.

the equation becomes
"
µ
¶2 #
µ
¶2
V
1
1 1 π∆V
1 π∆V
= + cos (φ0 )
−
+
cos (φ0 ) cos (2wt)
V0 2
2 8
Vπ
8
Vπ
{z
}
|
{z
} |
Double f requency value

DC value

−

π∆V
sin (φ0 ) sin (wt) .
2V
| π
{z
}

(3.44)

Single f requency value

Figure 3.8 shows the percent error that the approximations in Eq. 3.40 and
3.41 make in Eq. 3.44 as a function of
point φ0 affects the percent error. If

π∆V
Vπ

π∆V
Vπ

. The figure also shows how the bias

≤ .01 the percent error is less than one

thousandth of a percent.
If the bias point φ0 is set to the quadrature point: φ0 =

π
2

+ nπ, Eq. 3.44

simplifies to
1
π∆V
V = V0
− V0
sin (wt) .
2
2Vπ
|{z}
{z
}
|
DC value

(3.45)

Single f requency value

Figure 3.9 shows the voltage output from the optical power detector verses
the applied voltage. As the applied voltage is swept through multiple Vπ voltages the
resulting curve is a sinusoid with a period of 2Vπ as modeled by Eq. 3.34.
With the requirements for Eq. 3.45 to be valid satisfied, the signal coming out
of the optical power detector will be equal to Vapplied scaled by a factor that depends
on the slope of the sinusoid modeled by Eq. 3.34. This signal is too small to detect
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Figure 3.8: Percent Error that the approximations in Eq. 3.40 and Eq. 3.41 make in
Eq. 3.44 as a function of π∆V
Vπ .

with an oscilloscope but because of its periodic nature it can be measured with the
use of an FFT. If the FFT of this signal is taken and the DC bias is filtered out, the
peak value at the frequency of Vapplied will correlate to the amplitude, ∆Vout , of the
signal from the optical power detector. The Vπ of the sensor can then be calculated
with
Vπ =

V0 π∆V
,
2Vp AF F T

(3.46)

where Vp is the peak height of the FFT at the frequency of Vapplied and AF F T is a
scaling factor that relates the amplitude of the periodic signal to its FFT peak height.
Figure 3.10 shows the percent Error of the calculated Vπ verses the number
of degrees off of the quadrature point and the value of
even if

π∆V
Vπ

π∆V
Vπ

. This figure shows that

= 1 and the bias point is off by plus or minus 36 degrees, the calculated

Vπ would only be off by a factor of two. This range of bias points of plus or minus 36
degrees is very practical to achieve being forty percent of all the bias points possible.
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Figure 3.9: Optical power detector voltage output verses the applied voltage.

Because
requirement of

π∆V
Vπ

is usually three or more orders of magnitude smaller than 1, the

π∆V
Vπ

¿ 1 is almost always met leaving the accuracy of the calculated

Vπ dependent on the number of degrees the bias point is off of the quadrature point.
Figure 3.11 shows that the bias point can be off of the quadrature point as much as
plus or minus 24 degrees and still have a percent Error of calculated Vπ less than ten
percent.
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Figure 3.10: Percent Error of the calculated Vπ verses the number of degrees off of
the quadrature point and the value of π∆V
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500
450
400
350
300
250
200
150
100
50
0

10
8
6
4
2
0

0

0 4 8 12 16 20 24

10 20

30

40

50

60

70

80

Degrees off of quadrature point

Figure 3.11: Percent Error of the calculated Vπ verses the number of degrees off of
the quadrature point.
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Chapter 4
Hybrid Waveguide Fabrication
4.1

Introduction
The hybrid waveguide is fabricated as a part of a contiguous D-fiber. This is

done by partially removing the core of a 2 cm length section of the fiber and replacing
the etched out portion of the core with EO polymer. The higher the EO polymer to
glass ratio is the more the light will interact with the electric field sensitive polymer
portion of the waveguide making the device more sensitive. However, typical optical
losses rapidly increase with increased etch depth and polymer thickness. Much work
has been done to develop an etch depth and polymer thickness to provide a strong
interaction with the active polymer without significant optical losses.
4.2

Etching
The fiber is prepared for core removal by removing the protective jacket from

a section of fiber 4 cm in length with a mechanical heat stripper and cleaning the fiber
in an ultrasonic cleaner filled with isopropyl alcohol for ten minutes. It is essential
that the fiber be free of all contaminants to ensure uniform etching. Some spools
of fiber exhibit increased brittleness under the jacket next to the etched region after
being etched in HF. This brittleness under the jacket can be eliminated by coating
the jacket of the optical fiber next to the stripped section with photoresist before
etching. The fiber is etched in HF acid, as shown in Fig. 4.1, while monitoring the
optical power from a 660 nm laser source going through the fiber. When the optical
power loss corresponding to the desired etch depth is reached the fiber is taken out
of the HF bath and cleaned in an ultrasonic cleaner with isopropyl alcohol for 5
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minutes. Details on both the selective chemical etching and the fabrication control
are described in a previous paper [8].

Figure 4.1: A section of the D-fiber core is exposed through selective chemical etching.

4.3

Polymer Deposition
The EO polymer used for this research is a solution of polymethylmethacrylate

(PMMA) and azo dye DR1 dissolved in cyclohexanone. This polymer is used for proof
of concept because it is inexpensive and readily available. Other polymers with higher
sensitivities to electric fields and that are temporally stable can be used with the same
procedures developed with the DR1/PMMA polymer to produce highly sensitive and
durable sensors.
The polymer is mixed by adding the desired amount of PMMA, DR1, and
cyclohexanone into a glass vial and stirring with a stir bar at a temperature of 60◦ C
until the PMMA and DR1 is completely dissolved (about 48 hours).
The polymer in solution is applied to the etched region of the fiber through the
use of a silicon wafer spinner as show in Fig. 4.2. The fiber is first attached to a silicon
wafer with the flat side of the D-fiber facing up using tape and then thermoplastic
polymer. The thermoplastic polymer is necessary to keep the flat of the D-fiber facing
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up during the spinning process. After the polymer is spun on, the wafer with the
attached fiber is baked to remove the remaining solvent. Once the tape is removed,
the wafer is heated on a hot plate to 95◦ C to melt the thermoplastic polymer and the
fiber is pulled off of the wafer. The details on the spin coating fabrication technique
have been described elsewhere [6].

Figure 4.2: The polymer is spun into the etched core by attaching it to a silicon wafer
and using a commercial silicon wafer spinner.

Figure 4.3 shows cross-sectional scanning electron microscope (SEM) images
of two hybrid waveguides. These sensors show that the sensitivity of the sensors can
be improved by increasing the thickness of the polymer in the core. The increase in
sensitivity is due to the higher percentage of light being guided in the electro-optic
portion of the hybrid waveguide and thus increasing the value of Γ in Eq. 3.12.
Figure 4.3a is an SEM image of a low loss hybrid waveguide E-field sensor.
The lighter color in the middle of the SEM image is the elliptical core of the D-fiber
that has been partially etched away. For this device a mixture of 2 grams of PMMA
and 0.4 grams of DR1 is mixed with 52.5 ml of cyclohexanone. Figure 4.3b shows an
SEM image of an E-field sensor that has a higher polymer to fiber core ratio. This
25

(a)

(b)

Figure 4.3: Cross-sectional SEM images of D-fiber with the core partially replaced
with (a) a thin layer of an EO polymer and (b) a thicker layer of an EO polymer.

thicker polymer creates higher optical confinement in the active part of the waveguide
increasing the sensitivity but also results in higher optical loss. This device is created
using a mixture of 2 grams of PMMA and 0.4 grams of DR1 dissolved with 37.5 ml
of cyclohexanone.
Ideally the sensors would have most or all of the light guided in the electrooptic portion of the waveguide with minimal loss. However this has proved to be a
very difficult task because of the many factors effecting the optical confinement and
loss. The main variables in the fabrication process include etch depth, concentration
of HF acid, solvent-DR1-PMMA ratios, spin acceleration, spin speed, spin time, and
polymer baking time and temperature.
An optimized fabrication recipe is demonstrated to improve optical confinement while maintaining low losses. Fig. 4.4 is an SEM image of a hybrid waveguide
that has thick polymer in the core and still maintains low optical loss that was produced by the optimized recipe shown in Table 4.1.
4.4

Uncontrolled Variables
Unfortunately there are some factors that effect the fabrication of the hybrid

waveguides that we do not currently have control over. Some of the factors that we do
not currently have control over include humidity and variations from spool to spool
of D-fiber. Changes in humidity can change how the polymer is deposited when spun
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Figure 4.4: SEM image of a sensor made with the optimized hybrid waveguide parameters.
Table 4.1: Optimized recipe for thick polymer in the core while maintaining low loss.

Etch Depth
HF Concentration
DR1/PMMA Ratio
Polymer/Solvent Ratio
Spin Speed
Spin Time
Spin Acceleration
Bake Temperature
Bake Time

7.3 dB
25%
16.67%
6.33%
3000 rpm
3 seconds
21930 rpm/sec
90◦ C
15 minutes

onto the fiber. Each spool of fiber has variations of the shape and position of the
fiber core and vapor spot. The vapor spot is an artifact from the fiber fabrication
process that is a spot in the core of the fiber that is not doped with germania. The
positioning of the vapor spot changes the geometry of the etched fiber core and thus
the properties of the polymer being deposited and the sensitivity and loss of the
hybrid waveguide. Appendix B contains SEM images that show the variations in
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different spools of D-fiber. A variation of the hybrid waveguide fabrication process to
allow for more flexibility with these uncontrolled variables is discussed in Chapter 7.
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Chapter 5
Poling
5.1

Introduction
The polymer portion of the hybrid waveguide becomes sensitive to electric

fields through poling. Corona poling is used because of the high applied field that
can be produced [11]. The basic corona poling process involves heating the sample
to a temperature just below the glass transition temperature of the polymer so that
the molecules are free to reorient themselves and applying a high voltage between a
needle suspended over the sample and a ground plane located on the other side of the
sample. The high voltage near the needle tip ionizes the air and causes positive ions
to build up on the surface of the sample with an equal amount of negative charges
building up on the ground plane. The positive and negative charges produce a high
electric field across the sample. The sample is then cooled with the electric field still
applied, thus fixing the aligned polymer molecules in place.
5.2

Encapsulation
The basic corona poling process is not amenable to poling a polymer located in

the fiber core. The primary reason for this incompatibility is that the positive charges
will build up on the substrate rather than just on the flat surface of the fiber resulting
in the high electric field not being across the hybrid waveguide. In order to overcome
this deficiency, there needs to be a surface parallel to the ground electrode onto which
the charges build up and the fiber needs to be placed between these parallel surfaces
as shown in Fig. 5.1.
Figure 5.2 shows the basic process used to create a structure that is compatible
with corona poling. The hybrid waveguide section of the fiber is placed on a copper
29

+10KV

+10KV

Substrate

Electrode

Electrode

Heater

Heater

Figure 5.1: The D-fiber is embedded in epoxy and cover glass to provide a structure
that is compatible with corona poling.

electrode. A layer of LS-6140 NuSil Silicone low index epoxy (Carpinteria, CA) is
then deposited on to the fiber and a glass microscope coverglass is pressed over the
fiber to create the parallel surface. This coverglass also protects the polymer from
being damaged during the poling process. To protect the fiber where the protective
jacket has been removed and where the fiber touches the edges of the cover glass, low
index epoxy is placed along the entire length of the striped region and a protective
tubing is put on the fiber and attached to the cover glass.

Epoxy
Spacer

Electrode

Spacer

Spacer

Cover Glass
Epoxy
Electrode

Glass Substrate

Glass Substrate

(a)

(b)

Spacer

(c)

Figure 5.2: The basic planarization process consists of (a) depositing epoxy over a
D-fiber that is placed on top of a copper electrode and (b) pushing a glass coverglass
over the fiber resulting in an embedded sensor as shown in (c).
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Figure 5.3 shows microscope images of polymer spun on a glass slide that has
been poled with a protective cover glass on one side and no cover glass on the other.
As can be seen there is significant damage to the polymer that is not protected by
the cover glass and the polymer under the cover glass remains undamaged.

(a)

(b)

(c)

Figure 5.3: Cover glass protects the (a) unpoled polymer from (b) the damage that
poling can cause creating (c) an optically smooth poled polymer

5.3

Aligning the Flat of the D-fiber to Coverglass
In the embedding process care was taken to keep the flat surface of the D-

fiber parallel with the top surface and the copper electrode. However, the yield of
the sensors was very low and SEM images revealed that the fiber was in many cases
twisting inside of the epoxy as shown in Fig. 5.4. This causes the polymer to be poled
in the wrong direction relative to the two modes of the fiber.
To align the flat side of the D-fiber to the cover glass and to overcome the
natural tendency of the fiber to rotate during the epoxy curing process, a new tool
was developed. The fiber is clamped on both sides of the etched region and then the
two sides are slid close together. The D-fiber naturally bends with the flat side on
the outside of the curve or with the flat side on the inside of the curve. Which way
the fiber bends can be determined because the flat side of the fiber is more reflective.
The ends of the fiber are rotated until the curved fiber is facing directly up or down
so that the flat of the fiber is close to flat side up as shown in Fig. 5.5.
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Figure 5.4: SEM image of low index epoxy that was surrounding a slanted D-fiber
showing that the flat of the D-fiber was not parallel to the cover glass surface.

Figure 5.5: Tool developed to align the flat of the D-fiber to the cover glass.

The fiber is then straightened out and magnets keep the fiber taut while the
fiber is examined under a microscope as shown in Fig. 5.6. The rotation of the fiber
is adjusted until both sides of the fiber come into focus in the same focal plane. The
length and position of the etched region is also observed so that the electrode can be
placed directly underneath the hybrid waveguide section.
A metal substrate with spacers and an electrode is then placed underneath
the etched region and held into place with magnets as shown in Fig. 5.7. Low index
epoxy is then placed over the etched region of the fiber and a piece of cover glass is
placed over the top. Small magnets are placed on top of the cover glass to hold it
in place while the epoxy cures. The epoxy is cured by placing it in an oven at 50◦
C for four hours. It is important to not cure at too high of a temperature because,
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40X

Figure 5.6: A microscope is used to align the flat of the D-fiber to the surface of the
cover glass.

at higher temperatures, the polymer starts to dissolve in the epoxy and the sensor
becomes lossy.

Spacer

Cover Glass
Epoxy
Electrode

Spacer

Metal Substrate

Figure 5.7: The basic planarization process consists of aligning the D-fiber flat side
up, placing an electrode underneath the etched region, and applying low index epoxy
and cover glass.

The LS-6140 epoxy is used for a variety of different reasons. First of all, this
material has a refractive index of n= 1.3974, which is lower than the effective index of
the guided mode resulting in the epoxy acting as a waveguide cladding. The LS-6140
epoxy is also fairly soft enabling the fiber to be removed after poling.
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5.4

Corona Poling
Once the polymer is cured, the electrode, D-fiber, epoxy, and cover glass are

taken off of the metal substrate and spacers. The polymer is then poled by placing
the embedded sample on a heat sheet as shown in Fig. 5.8. The temperature is raised
to 95◦ C over a period of twenty minutes. When the temperature reaches 90◦ C a
10 kV source is applied to three needles that have tip diameters of 5 µm. After the
voltage has been applied for ten minutes the polymer is cooled down to 40◦ C over a
period of twenty minutes and the voltage is turned off.

High Voltage
Source

Heat Tape
-

Teflon

+

Figure 5.8: The hybrid waveguide is poled by applying an electric field while raising
and lowering the polymers temperature.
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Chapter 6
Testing
6.1

Introduction
The relative phase change between the two modes in the hybrid waveguide

caused by an electric field creates a change in the polarization of the light at the end
of the sensor. This change in polarization can either be measured directly using a
polarization analyzer or by changing the polarization into an intensity with a linear
polarizer and measuring the change in intensity. Fig. 6.1 shows how the relative phase
changes correspond to polarization and intensity after the light is passed through a
linear polarizer oriented at -45 degrees to the flat of the D-fiber.

Relative
phase
0

π/4

π/2

3π/4

π

5π/4

3π/2

7π/4

2π

Polarization

Intensity for
Analyzer at
-45 degrees

Figure 6.1: Relative phase changes between the light in the two modes of the sensor
can be measured by measuring the polarization or by changing the polarization into an
intensity.
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If the applied electric field is created by applying a voltage across two electrodes, the voltage required to cause a relative phase change of π, or Vπ , is first
determined. The sensor is then SEM imaged to determine the spacing between the
electrodes to be able to calculate Eπ by dividing Vπ by the electrode spacing.
6.2
6.2.1

Testing Set Up
Testing Sensors by Measuring Polarization
Figure 6.2 shows how the sensor is characterized based on polarization change.

This is done by connecting one end of the sensor to a laser source and the other end
to a polarization analyzer. An electrode is attached to the top of the cover glass and
a voltage is applied between the two electrodes thus producing a specific electric field
through the sensor.

Polarization
Analyzer
High Voltage
Source +

laser Source

Linear Polariz
Polarizer and
Quarter Waveplate

Figure 6.2: The sensors can be tested by measuring the polarization of the light
guided in the sensor with a polarization analyzer.

The laser is focused into the optical fiber by the use of a three dimensional
stage. Before the laser enters the fiber it is passed through a linear polarizer and
then a quarter waveplate that has its fast axis at 45 degrees to the linear polarizer to
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produce circular light. This is done to launch into both modes of the fiber regardless
of the orientation of the elliptical core of the fiber. If polarization loss or unequal
light coupling into the fiber is causing unequal amounts of light in the two modes,
the unequal power can be compensated with the use of another polarizer after the
quarter waveplate.
One advantage of using the polarization analyzer is that no biasing is necessary
since the actual polarization states are obtained. The polarization analyzer displays
the polarization state of the light coming out of the fiber on the Poincaré sphere. The
polarization analyzer also gives the Stokes vectors and consequently the polarization
state of the light.
For the exact polarization states to be measured it is essential that the modes of
the fiber match up to the key on the polarization analyzer. If a relative polarization
change is all that is needed the orientation of the fiber is insignificant. To better
understand how the electric field is changing the polarization of the light it may be
helpful to eliminate the birefringence of the system by applying a reference frame to
the polarization analyzer (see the polarization analyzer manual for details on applying
a reference frame).
The polarization analyzer is also able to measure the angle between selected
points on the Poincaré sphere. An angle shift of 180 degrees correlates to a π phase
shift if there is equal power in both of the modes. If there is unequal power in the
modes the arc traced out on the Poincaré sphere will be smaller as shown in Fig. 3.3
and will result in the angle measurement being smaller.
The Stokes vectors for selected points on the Poincaré sphere can also be
recorded and used to calculate Vπ using Eq. 3.22-3.25 and Eq. 3.21. However, it is
very important that the modes of the fiber are aligned correctly with respect to the
polarization analyzer so that the angle change corresponds to a change in polarization
and not a change in the intensity in the modes. If aligned properly, a change of
polarization will create a change only in the latitude on the Poincaré sphere and
changes in relative power between the modes will cause changes only in longitude on
the Poincaré sphere.
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6.2.2

Testing Sensors by Measuring Optical Intensity with a DC E-field
Applied
Figure 6.3 shows how the sensor is tested by turning the polarization into an

intensity. Equations 3.31 and 3.33 show that the measured power should fit a cosine
function with a varying built in retardation φo . The built in retardation depends
on a variety of parameters such as the temperature and stress on the optical fiber,
and thus varies between measurement. Vπ is calculated by plotting the optical power
versus the applied voltage and fitting it to Eq. 3.33. The voltage required to go from
a minima to a maxima is Vπ .

Optical
Power
Detector

High Voltage
Source +

Linear Polarizer

laser Source

Linear Polarizer and
Quarter Waveplate

Figure 6.3: The sensor can be tested by converting the polarization state into intensity
using a linear polarizer oriented at 45◦ with respect to the flat surface of the D-fiber.

6.2.3

Testing Sensors by Measuring Optical Intensity with an AC E-field
Applied
AC testing can be used to measure the Eπ of the sensors. This is done by

applying a periodic signal to the sensor with electrodes or a horn antenna. The
change in the polarization of light in the sensor is turned into an intensity with a
linear polarizer. The signal is then detected by converting the optical intensity into a
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voltage with an optical power detector and then taking the FFT of the voltage signal
as shown in Fig. 6.4. Testing the sensors in this manner can also be done at high
frequencies to insure that the observed effect is an electro-optic effect.

Horn
Antenna

Tunable
laser Source

Optical
Power
Detector

Spectrum Analyzer

Linear Polarizer

Linear Polarizer and
Quarter Waveplate

Figure 6.4: The Eπ of the sensors can be calculated by biasing the sensor to the
quadrature point and converting the intensity change into a voltage change and taking
the FFT.

For the Eπ to be measured in this configuration the sensor needs to be biased
to a quadrature point. This can be done by adjusting the wavelength of the laser
source which changes the bias φ0 in Eq. 3.34. The voltage from the output of the
optical power detector can be measured as a function of the laser source wavelength
to determine V0 and the wavelength needed to set φ0 to a quadrature point as shown
in Fig. 6.5. The quadrature point is set by finding the wavelength that causes the
voltage minima and maxima and calculating the wavelength in the center of these
two points. V0 is the maximum voltage from the optical power detector.
With the wavelength of the laser source held constant at the quadrature point,
a sinusoidal E-field is applied and the FFT voltage is measured at the applied signals
frequency. The Vπ of the sensor can then be calculated with Eq. 3.46.
To Ensure that the AC testing set up can accurately measure the Vπ of the
sensors, a commercially available modulator was tested with the AC testing set up.
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Quadrature points
V0

Wavelength

Figure 6.5: Adjusting the laser source wavelength can bias the optical intensity and
therefore the corresponding voltage output from the optical power detector at the
quadrature point.

The Vπ of the modulator was measured with the AC setup with a varying bias point.
Fig. 6.6 shows the percent error of the theoretical (solid line) and measured (points)
Vπ of the modulator verses the degrees the bias point was off of the quadrature point.
As can be seen from the figure, the measured percent error follows the theoretical

Percent Error of Vπ

limit well.
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Figure 6.6: Percent error of the theoretical (solid line) and measured (points) Vπ of
the modulator verses the number of degrees the bias point was off of the quadrature
point.
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6.3

Results
This section demonstrates the operation of various sensors in different testing

configurations. Testing of a thin and a thick polymer sensor by measuring the Stokes
parameters with a polarization analyzer is demonstrated to show that the sensitivity
of the device can be increased by increasing the thickness of the polymer. A sensor
made with the optimized fabrication parameters is then demonstrated to have the
increased sensitivity of a thicker polymer while maintaining the low optical loss of
a thin polymer sensor by measuring the relative phase change of the sensor with
the polarization analyzer. To validate the results measured with the polarization
analyzer, the unoptimized thick polymer sensor that was tested with the polarization
analyzer is also tested using an intensity based measurement. Finally, a sensor is
shown to operate at high frequencies to ensure the observed effect is an electro-optic
effect.
6.3.1

Measuring the Electrode Spacing
For the Eπ of the sensors to be calculated the spacing between the electrodes

needs to be known to be able to calculate the applied electric field. Figure 6.7 shows
SEM images and illustrations of a sensor with a thin layer of polymer in the fiber
core and a sensor with a thicker layer of polymer in the fiber core. From these images
the spacing of the electrodes can be determined. The polymer thicknesses in the core
of the fiber are shown in Fig. 4.3. Fig 6.8 shows an SEM image of the epoxy from
the sensor made with the optimized recipe. The polymer thickness in the core of the
fiber for this sensor is shown in Fig. 4.4. The applied electrical field is estimated by
dividing the applied voltage by the measured electrode separation of 296µm for the
sensor in Fig. 6.7a, 227µm for the sensor in Fig. 6.7b and 366µm for the sensor in
Fig. 6.8.
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Figure 6.7: SEM images of planarized D-fiber sensors and a corresponding illustration
for (a) sensor with thin EO polymer and (b) sensor with thicker EO polymer.

221µm

Figure 6.8: SEM image of the low index epoxy that encapsulated the sensor made
with the optimized recipe.

6.3.2

Results of Testing Sensors by Measuring Polarization
With 9.5 kV applied to the sensors, the applied electric field is estimated to

be E = 32.1M V /m for the sensor in Fig. 6.7a and E = 41.9M V /m for the sensor
in Fig. 6.7b. The Stokes parameters are measured for no voltage applied, 9.5 kV
applied, and -9.5 kV applied with the polarization analyzer. ² is then calculated from
the Stokes parameters using Eq. 3.22-3.25.
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With the applied electric field and ² known, Eπ is calculated using Eq. 3.21.
Tables 6.1 and 6.2 list the applied field, the normalized Stokes vectors, the polarization
state parameters calculated from the Stokes vectors, and the resulting Eπ for the
low loss (Eπ =222 MV/m, loss≈1dB) and the higher sensitivity (Eπ =60.2 MV/m,
loss=14.4dB) E-field sensors respectively.

Table 6.1: Testing Results of Low loss E-field sensor.

Applied
Field
(MV/m)
32.1
0
-32.1

S1

S2

0.73
0.80
0.72

-0.59
-0.62
-0.55

S3

E0y

-0.37 0.675
0.00 0.675
0.44 0.675

E0z

²

∆²

0.738
0.738
0.738

0.3806
0.0031
-0.4509

0.3775
0
-0.454

Eπ
(MV/m)
267
—
-222

Table 6.2: Testing Results of Higher sensitivity E-field sensor.

Applied
Field
(MV/m)
41.9
0
-41.9

S1

S2

0.270 -0.398
0.270 0.946
0.270 -0.444

S3

E0y

E0z

²

∆²

0.877
-0.181
-0.854

0.797
0.797
0.797

0.604
0.604
0.604

1.997
-0.189
-2.050

2.186
0
-1.861

Eπ
(MV/m)
60.2
—
-70.7

A sensor that was made with the optimized recipe was also tested by measuring
the relative phase change as a function of applied voltage (see Fig. 4.4 and 6.8 for
SEM images of this sensor). Figure 6.9 shows the measured relative phase change
and the calculated Vπ versus the applied voltage. The calculated Vπ is fairly constant
once the applied voltage is high enough to overcome the noise caused by temperature
and stress changes on the optical fiber. By taking the average calculated Vπ over the
range from 3 kV to 8 kV (30.4 kV) and dividing by the electrode spacing of 366µm,
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the Eπ is calculated to be 83.1 MV/m. The optical loss of this sensor is measured to
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Figure 6.9: Measured relative phase change and the calculated Vπ versus the applied
voltage of a sensor made with the optimized recipe.

6.3.3

Results of Testing Sensors by Measuring Intensity with a DC E-field
Applied
The sensor shown in Fig. 4.3b and 6.7b was also tested using the testing

configuration shown in Fig. 6.3. Figure 6.10 shows the intensity of transmitted light
as a function of applied voltage. By fitting this data to a cosine wave, the voltage
required to change the power between adjacent minima and maxima (Vπ ) is calculated
to be 13.5 kV. By dividing this voltage by the electrode spacing of 227 µm the Eπ
is estimated to be 59.5 MV/m, which correlates well with the Eπ of 60.2 MV/m
obtained from the polarization analyzer data.
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Figure 6.10: The measured power (dots) as a function of applied voltage and the
corresponding fit (solid line).

6.3.4

Results of Testing Sensors by Measuring Intensity with an AC Efield Applied
To verify that the effect observed is in fact an EO effect, a sensor was tested

at high frequency using an antenna horn to create an E-field around E=100 V/m as
shown in Fig. 6.4. The optical signal created by the sensor is transported into an
electrically isolated room by the use of optical fiber. The change in birefringence is
converted into an intensity change using a polarizer as previously described. Figure
6.11 shows the resulting electrical signal that was generated using an electrical spectrum analyzer. A 2.9 GHz AC signal is detected by this sensor, demonstrating high
frequency operation. The exact amplitude of the signal varied between measurements
because of the arbitrary retardation φo .

Power (dBm)

-65
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f0 - 4KHz

f0 = 2.9 GHz
Frequency

f0 + 4KHz

Figure 6.11: The measured power when an electric field is applied across the sensor
with a frequency of approximately f=2.9 GHz and an amplitude of E ∼ 100V /m.
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Chapter 7
Future Work
7.1

Introduction
The PMMA/DR1 polymer used to demonstrate the ability to make hybrid

waveguide E-field sensors out of D-fiber works well for proof of concept because it
is inexpensive and readily available. However, this polymer suffers from some fatal
flaws when it comes to making a robust device. The main flaw of PMMA/DR1 is
that its electro-optic characteristics decay after the polymer is poled. PMMA/DR1
also has a much lower sensitivity to electric fields compared to other EO polymers.

7.2

Improving Sensors Through Deeper Fiber Optic Core Removal and
Applying Thicker Polymer
Efforts to increase the sensitivity of the sensors by etching more of the core of

the fiber and increasing the thickness of the polymer have proven to be very difficult.
Fig. 7.1 shows an SEM of a sensor that had the core of the fiber etched all the
way out. Typically this deep of an etched fiber would result in losses too great to
allow any testing of the device. However, using the optimized recipe, except for
the deeper selective chemical etch, the completely core-replaced waveguide was low
enough loss to test the sensitivity of the device. Testing of this sensor demonstrated
that the sensitivity of an etched out core sensor is more than doubled compared to
the partially etched out core sensors.
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Figure 7.1: SEM image of a completely core replaced D-fiber.

Previous simulations [7] show that the confinement of the optical power to the
electro-optic polymer can be increased, thus increasing the sensitivity of the sensor,
with minimal loss if the polymer is thick in the core of the fiber and thin on the flat
of the fiber. Attempts to accomplish this by changing polymer spinning parameters
resulted in an unfilled core or too thick of a polymer on the flat of the fiber.
To accomplish the desired result, the polymer is spun on thick enough on the
fiber to completely fill in the core of the fiber and then the polymer on the flat of the
fiber is removed. When the polymer is spun on this thick the fiber is easily broken
when trying to remove it from the silicon wafer. The polymer that is spun off of the
fiber onto the silicon wafer also sticks to the sides of the fiber as shown in Fig. 7.2
which can interfere with the process used to remove the polymer from off of the flat
of the D-fiber.
To reduce the risk of the fiber breaking and to eliminate the problems of the
extra polymer sticking to the fiber, a new method of spinning polymer was developed.
Two spacers are attached to the silicon wafer as shown in Fig. 7.3.
Raising the fiber up in this manner keeps the fiber from being bonded to the
silicon wafer with polymer. These spacers change the spinning parameters needed to
produce a thick enough polymer to fill in the core of an etched fiber. To improve the
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Figure 7.2: SEM image showing how thicker polymer from the silicon wafer sticks to
the D-fiber.

Figure 7.3: The fiber is raised when the polymer is spun on to prevent the extra
polymer adhering to the D-fiber.

aspect ratio of the etch height to the etch depth, vertical core D-fiber was used in
place of horizontal core D-fiber. This higher aspect ratio makes it easier to remove
the polymer on the flat of the fiber without effecting the polymer in the core.
Initial results of the raised spinning appeared to produce an uneven polymer
thickness along the length of the etched region. However, SEM images show that the
raised spinning causes beading of the polymer on the bottom of the fiber but the flat
of the fiber, where the polymer uniformity is critical, has good polymer uniformity
as shown in Fig. 7.4
To remove the polymer on the flat of the D-fiber, the fiber is attached to a
silicon wafer with the flat of the fiber almost vertical to the surface of the silicon

49

Figure 7.4: SEM image of a fiber coated with polymer through the raised fiber method
causes variations in polymer thickness on the bottom of the fiber but keeps the polymer
uniform on the flat of the fiber where uniformity is critical.

wafer. This is done by using the tool in Fig. 5.5 and 5.6 to get the flat of the D-fiber
facing up and using thermoplastic adhesive to adhere the fiber to silicon wafer that is
mounted at an angle close to 90 degrees to the flat of the fiber as shown in Fig. 7.5.

Figure 7.5: The etched region of the fiber is attached to a silicon wafer with the flat
of the D-fiber almost perpendicular to the surface of the wafer so that the fiber will
mask the polymer in the core when etched.
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The polymer on the flat of the fiber is etched away using a highly anisotropic
reactive ion etch (RIE) with an inductively coupled plasma reactive ion etcher (ICPRIE) as shown in Fig. 7.6. With the fiber tilted so that the flat of the D-fiber is
almost vertical the fiber acts as a mask to protect the polymer in the core of the
fiber.

Figure 7.6: The polymer on the Flat of the D-fiber is removed using an ICP-RIE
while leaving the polymer in the core intact.

Figure 7.7 shows an SEM image of a fiber that had the polymer removed from
the flat of the D-fiber while maintaining thick polymer in the core of the fiber. This
hybrid waveguide geometry allows for strong interaction of the light with the active
portion of the waveguide but does not have modes on the flat of the fiber that cause
high optical losses. Tilted RIE etching was also demonstrated to improve losses from
a higher loss sensor made with the optimized recipe from 6.9 dB to 0.9 dB.
7.3

Improving Sensors with New Polymer
To create a robust device, the PMMA/DR1 needs to be replaced with a poly-

mer that is cross-linking so that it will keep its sensitivity to electric fields. There
are reports of polymers with this desired characteristic that also have much higher
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Figure 7.7: SEM image of a fiber with polymer on the flat of the D-fiber removed
using an ICP-RIE.

electro-optic coefficients making the polymer more robust and sensitive to electric
fields. However, these polymers are very expensive and polymer deposition by spinning uses about 5 ml of polymer for each sensor. To be able to use the expensive
cross-linking and higher elector-optic polymer, a new method of polymer deposition
is demonstrated. Figure 7.8 shows a method of polymer deposition that uses only
one drop of polymer for each sensor.
This polymer deposition involves placing a few drops of polymer into a pipette
tip that is connected to a syringe with plastic tubing and placing the pipette tip in
a motorized linear stage. The size of the drop of polymer hanging from the pipette
tip is then controlled with the syringe. The linear stage moves the droplet across the
length of the etched region coating it with a uniform coating of polymer. This type
of polymer coating is fairly conformal, as seen in Fig. 7.9, making this method a good
candidate for the new polymer coupled with the tilted RIE etching.

52

Figure 7.8: A new method of polymer deposition is demonstrated to use only a few
drops of polymer for each sensor.

Figure 7.9: SEM image of hybrid waveguide created with new polymer deposition
method.
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Chapter 8
Conclusion
8.1

Contributions
This effort extends prior work in which hybrid polymer/glass core waveguides

were created within a D-shaped optical fiber [6, 7, 8]. The previous work provides
a technique for removing a portion of the core of the fiber and replacing it with a
polymer material. This thesis shows how the hybrid core can be poled thus endowing
the hybrid waveguide with electro-optic properties. This thesis also explores new
hybrid waveguide fabrication processes to increase tolerance to variations in the hybrid
waveguide and to allow the use of minimal amounts of polymer so that the process
can be transferred to a higher quality polymer. My contributions to this work can be
summarized by the following:
• Demonstration of electric field sensing with a core-replaced D-fiber.
• Demonstration of effective E-field sensor testing.
• Demonstration of poling polymer in D-fiber core.
• Demonstration of an e-field sensor with high optical confinement in the electric
field sensitive portion of the hybrid waveguide with minimal optical loss.
• Demonstration of improved sensor durability.
• Demonstration of tilted RIE etching to remove polymer on the flat of the fiber
to reduce loss.
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8.1.1

Demonstration of Electric Field Sensing with a Core-replaced Dfiber
The novel E-field sensor demonstrated here is formed as part of a contiguous

fiber resulting in a flexible and small cross-section device that can be embedded into
electronic circuitry. This device is made by replacing part of the core of a D-fiber
with polymer that is electro-optic. The sensors were initially tested with a DC field
applied. High frequency AC testing was also demonstrated to ensure the observed
effect was an electro-optic effect.
8.1.2

Demonstration of Effective E-field Sensor Testing
Polymers poled on glass slides were previously tested for their electro-optic

properties using second harmonic generation (SHG). This method of testing was able
to determine the effectiveness of the poling for polymers on glass slides but could
not be used to measure the effectiveness of poling polymer located in the core of the
fiber. To be able to determine if the polymer in the core of the fiber is effectively poled
and if the light interacts enough with this polymer, multiple testing configurations
were developed. Because the electro-optic properties of the DR1/PMMA polymer is
small compared to high performance polymers, the electric field required to cause a
measurable phase shift is typically beyond air breakdown. To increase the electric
field that could be placed across the sensor without air breakdown, the sensor is
tested while encapsulated in the low index epoxy and cover glass used for poling the
polymer. Testing of the sensors by measuring polarization and by measuring intensity
are shown to provide similar results. High frequency testing is also done to ensure the
observed effect is an electro-optic effect and to demonstrate that the sensors can detect
periodic E-fields as low as 100 V/m even with the simple DR1/PMMA polymer. A
procedure for measuring the Eπ of the sensors with a small fraction of Eπ applied is
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also demonstrated. This method eliminates the charging and dielectric break down
issues that the DC testing exhibits.
8.1.3

Demonstration of Poling Polymer in a D-fiber Core
In order for the polymer of the hybrid waveguide to become electro-optic the

polymer in the core of the fiber must be poled by applying a high electric field across
the polymer at elevated temperatures. Initial attempts at poling polymer were accomplished on glass slides but could not be demonstrated inside the core of the etched
D-fiber. This is because the basic corona poling process is not amenable to poling a
polymer located in the fiber core. The primary reason for this incompatibility is that
the positive charges used to pole the polymer build up on the substrate rather than
just on the flat surface of the fiber resulting in the high electric field not being across
the hybrid waveguide. In order to overcome this deficiency, the hybrid waveguide is
encapsulated in low index epoxy and a protective layer of cover glass. This keeps the
high electric field created through corona poling across the polymer.
The orientation of the fiber to the direction of the poling field is also critical for
the device to work as an E-field sensor. Because of the geometry of the D-fiber, the
fiber rotates when bent causing frequent unwanted fiber rotations. To align the fiber
to the poling field and to stabilize the fiber orientation during the poling process a
new tool was developed to align and secure the fiber in place during the encapsulation
process.
8.1.4

Demonstration of an Electric Field Sensor with High Optical Confinement in the E-field Sensitive Portion of the Hybrid Waveguide
with Minimal Optical Loss
Low loss hybrid waveguides were demonstrated in prior work that were made

with a PMMA/DR1 dissolved in methyl ethyl Ketone (MEK) and chlorobenzene [6]
but could not be reproduced once the spool of D-fiber was changed. It was determined
that switching the solvent from MEK and chlorobenzene to cyclohexanone would
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allow higher concentrations of DR1 to be dissolved into the polymer. A procedure
for making low loss hybrid waveguides that can detect E-fields with this new solvent
is demonstrated on three different spools of fiber.
Increasing the thickness of the polymer in the hybrid waveguide is shown to
improve electric field sensitivity at the cost of higher optical loss. Much time was
spent developing a hybrid waveguide with an increased polymer to glass ratio that
still maintains low optical loss. The new optimized recipe is demonstrated to produce
a device with an Eπ of 83.1 MV/m and an optical loss as low as 1.4 dB.
8.1.5

Demonstration of Improved Sensor Durability
Once the protective jacket of an optical fiber is removed, the optical fiber

becomes vulnerable to microcracks and fragility. Etching the fibers in HF also decreases the strength of the optical fiber under the protective jacket on both sides of
the etched region. For the sensors to be able to be tested, especially off of campus,
the sensors need to be packaged to improve their durability. Coating the fiber with
photoresist before placing the fiber in HF is shown to eliminate the brittleness caused
by etching. A procedure for packaging the fibers that improves sensor durability is
also demonstrated.
8.1.6

Demonstration of Tilted RIE Etching to Remove Polymer on the
Flat of the Fiber to Reduce Loss
Because the recipe for creating low loss hybrid waveguides using the current

technique is sensitive to many factors including some factors that we do not currently have control over, it is necessary to develop a new method of hybrid waveguide
fabrication that is more tolerant to these variables. Some of the factors that we do
not currently have control over include humidity and variations from spool to spool
of D-fiber. One other important reason for developing a new method of waveguide
fabrication is that the current method requires half of a milliliter of polymer for each

58

sensor. To make viable devices it will be necessary to switch to a more stable and
sensitive polymer. Using half of a milliliter of high performance polymer for each
device would be prohibited by high polymer costs.
To allow for more variations in the deposition of polymer and to use much less
polymer per device, a new method of hybrid waveguide fabrication was developed.
This method applies thick polymer over the entire fiber and then removes excess
polymer on the flat of the fiber. The new method of polymer deposition can use as
little as one drop of polymer per device. The fiber itself is then used to mask the
polymer in the core of the fiber during reactive ion etching of the polymer on the flat
of the fiber. This allows more variability in the polymer thickness on the flat of the
fiber and changes in the geometry of the etched core.
8.2

Summary
Selective chemical etching of a D-shaped fiber, then polymer film deposition,

followed by the poling of the polymer, produces a hybrid waveguide E-field sensor.
The fabricated sensors used PMMA and DR1 as the EO polymer for proof of concept
because it is inexpensive and readily available. New methods of polymer deposition
and removal are explored to extend this work to other EO polymers that are electrooptically stable and more sensitive.
This thesis reports the operation of the first hybrid core in-fiber electric field
sensor. Due to the use of contiguous fiber with a hybrid polymer core, the sensor does
not perturb the field being measured. The flexibility and cross-sectional area of the
sensor make it a candidate for applications where the sensor needs to be embedded
into electronic circuitry.
A sensor which exhibited AC sensitivity at 2.9 GHz of fields less than 100 V/m
is demonstrated. It is confirmed that the sensitivity of the hybrid waveguide can be
increased by increasing the thickness of the polymer portion of the waveguide and an
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optimized fabrication process is demonstrated to produce sensors with an estimated
Eπ of 83.1 MV/m and losses as low as 1.4 dB at a wavelength of 1550 nm.
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Appendix A
Detailed Processes
A.1

Fiber Preparation and Etching

1. Brake off a section of D-fiber 80 cm in length.
2. Use the Luminos jacket striper or mechanical heat stripper to strip off the jacket
on both ends of the fiber and a section 5 cm in length in the middle of the fiber.
3. Place the fiber in the etch boat with the reflective flat side facing up and the
stripped middle region in the center of the etch boat.
4. Cleave both ends of the fiber by placing the fiber flat side up in the Fujikura
precision cleaver.
5. Slide the two fiber holders of the etch boat close together.
6. If the fiber does not bend straight up or down or the bend is not in the center
of the stripped region adjust the placement of the fiber.
7. Place the stripped center region in the isopropanol alcohol of the ultra sonic
cleaner and turn the ultra sonic cleaner on for ten minuets.
8. Take the fiber out of the ultra sonic cleaner and slide the fiber holders away
from each other to make the fiber taut.
9. Dry the fiber off with compressed air.
10. If the spool of fiber being used tends to become brittle under the jacket after
etching in HF, glide a drop of AZ3330 photo resist along both sides of stripped
region of the fiber covering most of the jacket that is between the fiber holders
and dry with the heat gun.
11. Clean out the water container in the fume hood, fill it up with de-ionized water,
and place it in the metal pan in the fume hood.
12. Place the etch boat on the water container and place the ends of the fiber in
the xyz stage and optical power detector.
13. Connect the 660 nm laser to the xyz stage and turn on the laser and temperature
controller.
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14. Align the fiber to the laser source by adjusting the xyz stage until maximum
power is achieved.
15. Put on personal protection equipment appropriate for HF handling (two pairs
of gloves, apron, goggles, and face shield).
16. Make sure there is sufficient air flow through the fume hood.
17. Slightly open the lid of the HF to loosen the seal and place the container of HF
in the metal pan in the fume hood.
18. Finish taking the lid off of the HF, being careful to watch out for droplets of
HF that may have condensated on the top of the lid, and place the lid upside
down inside of the fume hood.
19. Place the etch boat on the container of HF and slide the fiber holders together
so that about 2 cm of the stripped fiber is immersed in the HF.
20. Close the fume hood door.
21. Start the Labview etching program.
22. Select the desired etch depth in the program and click on the calculate extraction
power button.
23. Once the power drops to the desired level, place the fiber in the container of
water.
24. Put the lid on the HF container and put it back in its storage place.
25. Click on the save and record button in the Labview program.
26. Turn off the laser and the temperature controller and take the fiber out of the
xyz stage and power detector.
27. Place the fiber in the ultra sonic cleaner filled with isopropanol alcohol and turn
it on for five minutes.
28. Slide the fiber holders away from each other to make the fiber taught and dry
off the fiber with compressed air.
A.2

Polymer Deposition

1. Place a silicon wafer under the etched region of the fiber and tape the fiber
down to the wafer at both ends of the stripped region.
2. Place a drop of hot glue on both ends of the stripped region as close to the
jacket of the fiber as possible.
3. Coil the remaining fiber onto the silicon wafer and tape it down.
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4. Take the etched fiber into the clean room or cover with a clean room paper
towel to prevent contaminants from getting into the etched core.
5. Once in the cleanroom, use the nitrogen gun to blow off any particles that may
have landed on the fiber.
6. Place the wafer on the Laurel spinner and set the desired spin speed, ramp rate,
and spin time.
7. Turn on the spinner vacuum, place the desired amount of polymer in solution
to the etched region, close the lid and start the spinning program.
8. Once the wafer has stopped spinning, turn off the vacuum and place the wafer on
a hot plate at the desired temperature for the desired time to dry the polymer.
9. Remove the tape holding the fiber onto the wafer and uncoil the fiber.
10. Place the wafer on a hot plate set at 95◦ C Celsius to melt the hot glue.
11. Remove as much of the hot glue as possible once it is melted and then carefully
pull the fiber off of the wafer.
A.3

Fiber Encapsulation

1. Slide a section of tubing onto each side of the fiber next to the etched region.
2. Slide each end of the fiber into the tool used for making the fiber flat side up.
3. Keep the fiber taught by placing the mounted magnets about a half a centimeter
apart.
4. Rotate the ends of the fiber until the flat side of the fiber is facing up.
5. Use a microscope to get the fiber exactly flat side up and to determine the exact
location of the etched region.
6. Put a piece of polyimide tape sticky side up in between the spacers of the
electrode holder.
7. Place the bottom electrode on top of the polyimide tape and secure it in place
by taping the wire down.
8. Slide the electrode holder under the etched region and onto the magnets that
hold it in place.
9. Mix up a few drops of the low index epoxy and allow all of the bubbles to come
out (placing it on top of the ultrasonic cleaner helps the bubbles to come out).
10. Place the low index epoxy on the etched region making sure to completely cover
the electrode and fiber up to the protective tubing.
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11. Place a cover glass slide on top of the fiber.
12. Put small magnets on top of the cover glass to hold it in place.
13. Place the fiber in the oven set at 50◦ C until the low index epoxy is cured (about
4 hrs).
14. Remove the sensor from the oven and tool being careful not to crack the cover
glass.
15. Tape the protective tubing to the ends of the cover glass.
A.4

Poling

1. Place the sensor in the poling setup.
2. Slide the Teflon bar holding the poling needles on top of the sensor so that the
sensor is pressed against silicon wafer in the poling set up so that there is good
heat transfer to the sensor.
3. Connect the electrode to the ground wire of the high voltage supply.
4. Set the temperature controller to the desired poling temperature and ramp rate.
5. Once the desired temperature is reached, apply 10 kV to the three needles from
the high voltage supply.
6. Pole for the desired amount of time then ramp the temperature down with the
voltage applied.
7. Once the sensor is cooled down sufficiently, turn off the high voltage supply and
remove the sensor from the poling set up.
A.5

DC Testing

1. Place another electrode on top of the cover glass and tape down.
2. Place one fiber end into an xyz stage and place the other end of the fiber into
an optical power detector.
3. Place the linear polarizer and quarter wave plate that are fixed together in a
rotatable holder in the path of the collimated laser before it is focused into the
fiber.
4. Rotate the linear polarizer and quarter wave plate to maximize optical power
going through the sensor.
5. Adjust the xyz stage to achieve maximum optical power through the sensor.
6. Follow steps in the sections testing with a polarization analyzer or testing with
a polarizer.
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A.5.1

Testing with a Polarization Analyzer

1. Turn on the polarization analyzer and turn on the marker angles.
2. Take the end of the sensor that is in the optical power detector and put it in a
bare fiber adapter.
3. Connect the bare fiber adapter to the polarization analyzer.
4. Connect the high voltage supply to the two electrodes.
5. Clear the Poincaré sphere on the computer screen and mark the current point
with one of the markers by clicking on A, B, or C.
6. Turn on the voltage and mark the second point.
7. Switch the positive and negative connections from the high voltage source.
8. Turn on the voltage and mark the third point.
9. The Stokes parameters and angles between the points will then be displayed.
10. Calculate the Vπ of the sensor by multiplying the applied voltage by 180 and
dividing by the angle change measured.
A.5.2

Testing with a Polarizer

1. Take the fiber out of the optical power detector and place it in a bare fiber
adapter.
2. Place a linear polarizer in the optical power detector.
3. Connect the bare fiber adapter to the optical power detector using a connectorized fiber to detector adapter (using this setup over the bare fiber adapter
allows for less error due to changes in power when rotating the fiber).
4. Rotate the fiber in the detector to find the orientation that gives the minimum
amount of optical power (if there is not much change in optical power when
rotating the fiber adjust the laser wavelength and rotate again).
5. Set the bias point of the sensor to the desired position by adjusting the wavelength of the laser.
6. Measure and plot the optical power verses the applied voltage.
7. Fit the data to a sine curve.
8. Calculate Vπ by finding the voltage required to go from adjacent minima and
maxima on the sine curve.

69

A.6

AC Testing

1. Place another electrode on top of the cover glass and tape down.
2. Place one fiber end into an xyz stage and place the other end of the fiber into
an optical power detector.
3. Place the linear polarizer and quarter wave plate that are fixed together in a
rotatable holder in the path of the collimated laser before it is focused into the
fiber.
4. Connect an adjustable wavelength laser to the xyz stage.
5. Rotate the linear polarizer and quarter wave plate to maximize optical power
going through the sensor.
6. Adjust the xyz stage to achieve maximum optical power through the sensor.
7. Take the fiber out of the optical power detector and place it in a bare fiber
adapter.
8. Place a linear polarizer in the optical power detector.
9. Connect the bare fiber adapter to the optical power detector using a connectorized fiber to detector adapter. (using this setup over the bare fiber adapter
allows for less error due to changes in power when rotating the fiber).
10. Rotate the fiber in the detector to find the orientation that gives the minimum
amount of optical power (if there is not much change in optical power when
rotating the fiber adjust the wavelength of the laser and rotate again).
11. Adjust the wavelength of the laser to find the maximum voltage from the optical
power detector and record the optical power and voltage from the optical power
detector.
12. Turn off the auto scaling function on the optical power detector.
13. Adjust the wavelength of the laser to find the minimum voltage from the optical
power detector and record the optical power and voltage from the optical power
detector.
14. Record the difference between the maximum and minimum voltage from the
optical power detector; this is V0 in Eq. 3.46 and will be needed to calculate Vπ .
15. Adjust the laser wavelength to the middle of the wavelengths that correspond
to the maximum and minimum voltages to set the bias point of the sensor to
the quadrature point.
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16. Because the bias point changes with temperature and stress on the fiber it
may be necessary to adjust the wavelength during testing to make sure the
optical power stays in the middle of the maximum and minimum optical powers
previously recorded.
17. Connect the voltage output of the optical power detector to a spectrum analyzer.
18. Connect a function generator to the electrodes on the sensor and apply a sinusoidal voltage; the peak amplitude is ∆V in Eq. 3.46 (make sure that the
output is set to high Z or the calculations may be off by a factor of two).
19. Measure the FFT peak height at the applied voltage frequency; this is VP in
Eq. 3.46.
20. If not already known, measure the value of AF F T in Eq. 3.46 by hooking the
function generator to the spectrum analyzer and applying a sinusoidal signal
and comparing the FFT peak height to the amplitude of the sinusoid.
21. Calculate Vπ using Eq. 3.46.
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Appendix B
Core and Vapor Spot Geometry and Location for Various
Spools of Fiber

(a)

(b)

Figure B.1: SEM images of (a) an unetched fiber and (b) an etched fiber with polymer
for fiber # 040421c.
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(a)

(b)

Figure B.2: SEM images of (a) an unetched fiber and (b) an etched fiber with polymer
for fiber# 040421b.

(a)

(b)

Figure B.3: SEM images of (a) an unetched fiber and (b) an etched fiber with polymer
for fiber# 040421a.
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(a)

(b)

Figure B.4: SEM images of (a) an unetched fiber and (b) an etched fiber with polymer
for fiber# 040414b-1.

(a)

(b)

Figure B.5: SEM images of (a) an unetched fiber and (b) an etched fiber with polymer
for fiber# 040414b.
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(a)

(b)

Figure B.6: SEM images of (a) an unetched fiber and (b) an etched fiber with polymer
for fiber# 020919a-1.

(a)

(b)

Figure B.7: SEM images of (a) an unetched fiber and (b) an etched fiber with polymer
for fiber# 010927b.
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